We lay the foundation for determining the microscopic spin interactions in the two-dimensional (2D) ferromagnets by combining our angle-dependent ferromagnetic resonance (FMR) experiments on high quality CrI3 single crystals with theoretical modeling based on symmetries. In the 2D limit, ferromagnetism is stabilized by magnetic anisotropy. We find the largest anisotropy arises from Kitaev interactions of strength K ∼ −5.2 meV, larger than the Heisenberg exchange J ∼ −0.2 meV. We further discover that the symmetric off-diagonal anisotropy Γ ∼ −67.5 µeV, though small, plays the crucial role of opening a gap in the magnon spectrum and stabilizing ferromagnetism in the 2D limit. The resolution of the FMR data is sufficient to reveal a µeV-scale quadrupolar contribution in the S = 3/2 magnet. Our identification of the interactions underlying ferromagnetism and exchange anisotropies opens paths towards 2D ferromagnets with higher TC and magnetically frustrated quantum spin liquids based on Kitaev physics.
Few-layer van der Waals (vdW) ferromagnets [1, 2] have emerged as exciting platforms for the development of two-dimensional (2D) spintronic applications [3, 4] and novel 2D spin orders [5, 6] . CrI 3 , one of the most robust 2D ferromagnets, has a T C ∼ 45 K in the monolayer [1] , and is being studied intensively, both experimentally and theoretically. However, the fundamental magnetic interactions that enable 2D ferromagnetism and determine T C , remain poorly understood.
Thus far, a comprehensive Hamiltonian which explains various observations has yet to be established. Single-ion anisotropy (SIA) [2, 7] is often invoked in vdW ferromagnets to reflect the magnetic anisotropy. However, the SIA is estimated to be too small to be responsible for the large magnetic anisotropy field in CrI 3 [8] . The magnetic anisotropy arises mostly from the spin-orbit coupling on I − which exceeds that on Cr 3+ by more than an order of magnitude, indicating that anisotropic superexchange interactions between two Cr 3+ spin through I − ions predominates over SIA. An alternative model relies on Ising anisotropy [4, 8] , but this does not comply with the crystal symmetries of CrI 3 and explains neither recent observations such as a Dirac gap [9] nor our ferromagnetic resonance (FMR) data below.
The detailed character of the magnetic anisotropy reveals key features of the spin-Hamiltonian of vdW ferromagnets. It has been measured mostly from the difference of the in-plane (IP) and out-of-plane (OP) coercive field in magnetometry [10, 11] and resonance fields in FMR [12] [13] [14] . However, these measurements have been limited to the phenomenological characterization tool, not providing Hamiltonian. Therefore, the experimental magnetic anisotropy, usually intertwined with temperature, applied field and magnetization, has not previously been used in a theoretical description of microscopic spin interactions.
Here we construct a Hamiltonian based on the symmetries of a CrI 3 monolayer, relate the anisotropic spin interactions in the Hamiltonian to the free energy functional (FEF) of its macroscopic magnetization using mean-field theory (MFT), and compare the resonance fields calculated from the FEF with those measured through angle-dependent FMR. In this way, we determine the values of microscopic spin interactions in the Hamiltonian. Further, we gain insight into how the anisotropic spin interactions cause 2D ferromagnetism by analyzing the influence of magnon excitations on T C .
FMR provides spectroscopically precise measurements of magnetic anisotropy, magnetization, spin-wave modes and damping. [14] [15] [16] The magnetic anisotropy structure of a material can be obtained from angle-dependent FMR by measuring the change in the resonance field H res as the direction of the external field H 0 is varied about the sample [14] . At 2 K, CrI 3 single crystals have a ∼3 T anisotropy field H a oriented normal to the layer plane. [10, 13] This large H a results in a resonance frequency of at least ∼100 GHz in an OP field. We performed angle-dependent FMR using a heterodyne quasioptical electron spin resonance spectrometer. [17] The measurement was implemented at ω/2π = 120, 240 GHz and at T = 5, 20, 40, 60, and 80 K. Fig. 1(a) shows an optical image of the thin CrI 3 single crystal plate that is rotated about the axis indicated by the orange line in Fig. 1, (a) and (b), thereby changing the angle θ H between H 0 and e 3 normal to the sample plane ( Fig. 1(d) ). features, ∆H A and ∆H B in Fig. 2(a • − θ H which is largest (∼7.6 kOe) at θ H ∼ 60
• ( Fig. 2(a) ). Both of these features become smaller as temperature increases (Fig. 2 
, (b)-(g)).
The symmetries of the CrI 3 crystal structure dictate the nature of the magnetic anisotropy in the Landau FEF and the anisotropic spin interactions in the Hamiltonian. Assuming the CrI 6 octahedra are perfectly octahedral, the crystal lattice is globally invariant under time reversal, 120
• rotations about the e 3 -axis at each Cr 3+ ion, Cr-Cr-bond-centered spatial inversion, 180
• rotations about the Cr-Cr bonds, and locally invariant under 180
• rotations about the axis perpendicular to a Cr-Cr bond's superexchange plane.
We describe the magnetic anisotropy of CrI 3 by constructing a Landau FEF [18] [19] [20] based on the symmetries up to sixth order in the direction cosines α, β, γ, which are the components of the saturation magnetization M s along the x, y, z directions ( Fig. 1(b) ):
where 2πM 2 s cos 2 θ is the shape anisotropy, θ is the angle between M s and the e 3 -axis ( Fig. 1(d) ), and K pq (f, T ) are magnetocrystalline anisotropy coefficients, whose corresponding anisotropies are plotted in Fig. 3(c) . We find K pq by fitting H res (θ H , T, f ) in our FMR spectra to the resonance condition calculated from F L − M s · H 0 (fits are shown in Fig. 2, (b)-(g) ). Fig. 3(a) shows the FMRdetermined K pq as a function of T , which mostly decrease with increasing T because they depend on M s (T ) (Fig. 3(b) ). Also, for a given T , these coefficients are larger in magnitude for 240 GHz than for 120 GHz, which reflects the effect of the stronger H 0 at 240 GHz than at 120 GHz.
In Fig. 3(d) , we map out the total Landau FEF F L using the K pq obtained at 5 K for 240 GHz. We find that
, which primarily accounts for ∆H A in Fig. 2(a) . In contrast to 3D bonding [18, 19] materials, symmetry breaking in 2D layered structures introduces anisotropies along the e 3 -axis. The large uniaxial anisotropy in CrI 3 can therefore be explained by this symmetry breaking and by the strong spin-orbit coupling from I − , arguing that the underlying mechanism is the superexchange interaction rather than SIA originating from the crystal distortion. The higher-order anisotropy terms (K 4q and K 6q ) in Fig. 3 (c) account for ∆H B , since they are not symmetric about θ = 90
• (i.e., magnetization lying in the film plane). We now propose a Hamiltonian based on the symmetries to understand the fundamental spin interactions in CrI 3 . The JKΓ model has been suggested as a generic spin model [21, 22] for spin-1/2 systems comprised of 2D honeycomb networks of edge-sharing octahedrallycoordinated transition metals such as A 2 IrO 3 (A = Na, Li) [23, 24] and α-RuCl 3 [25] . For bulk CrI 3 , which has spin-3/2 moments at the Cr 3+ ions, we extend the JKΓ model to
where H S describes the spin-spin interactions, H Q describes the quadrupole-quadrupole interactions, −gµ B H 0 · i S i is the Zeeman coupling, g is the g-factor of the Cr 3+ ions, µ B is the Bohr magneton, and J ⊥ S i · S j is the interlayer Heisenberg interaction. ij ∈ λµ(ν) denotes that the Cr 3+ ions at the neighboring sites i, j are interacting via a ν-bond, where λ, µ, ν ∈ {x, y, z}. In this paper we approximate J ⊥ ≈ 0, since the intralayer Cr 3+ ions interact via a strong superexchange pathway, while the van der Waals gap does not allow strong exchange interactions.
We determine M s (T ) and spin interaction constants in the Hamiltonian by comparing with H res from FMR. We do this using the FEF F H obtained by constructing a MFT for this model with the ferromagnetic order parameter S i . The interaction constants found are listed in Table 1 , except for J and K, which appear in the combination J + K/3 ∼ −1.94 meV. The calculated H res describe the data quite well at all temperatures and frequencies (Fig. 2(b)-(g) ). M s (T ) determined by FMR also agrees well with the magnetometry measurements, even though it plateaus at ∼2.5 µ B /Cr below 20 K (Fig. 3(b) ). The field-induced response of the magnetization is observed to extend to temperatures well above T C ∼ 61 K. Remarkably, the high spectroscopic precision of FMR also enables us to measure the µeV-scale quadrupole interaction constants (see Table 1 ).
Since F H is a complicated function of the interaction constants, we can provide an approximate insight into the angle dependence of each interaction by turning off the other interactions (results are shown in Table 1 ). We find that Γ is predominantly responsible for the uniaxial anisotropy that underlies Feature A (K 21 in Eq. (1)), while the quadrupole terms generate the higher-order anisotropy terms explaining Feature B (K 4q in Eq. (1)). We can see the dominant role of the Γ anisotropy by considering the free energy difference
where Γ 0 = −67.5 µeV. Comparing ∆F Γ (Fig. 3(e) ) to the system's total anisotropy FEF at 5 K (Fig. 3(d) ), we conclude that Γ is the primary source of anisotropy in CrI 3 . Furthermore, our MFT analysis gives k B T MFT C = − 5 4 (3J + K + 2Γ). Given that J, K are larger than Γ, this suggests they determine the scale for T C . In fact, as we discuss below, Γ plays a crucial role in stabilizing ferromagnetism in a CrI 3 monolayer by opening a gap in the spin-wave spectrum.
We use linear spin-wave theory (SWT) to resolve the values of J and K separately; for simplicity we neglect the quadrupole interactions, which are very weak. In Fig. 4(a) we plot T C as a function of J, K and Γ under the experimental constraint J + K/3 = E 0 = −1.94 meV obtained from MFT. The known value of T C = 61 K for the bulk [10, 11, 13] occurs at (J 0 , K 0 , Γ 0 ), where J 0 = −0.2 meV and K 0 = −5.2 meV. We exclude the other solution, (J, K, Γ) = (−3.8 meV, 5.5 meV, Γ 0 ), since it corresponds to the antiferromagnetic zigzag phase. [21] We also use SWT to more accurately estimate how the interaction parameters affect T C . We find that T C = 0 only when Γ < 0, which shows that the Γ interaction, 
-0.372 despite being relatively weak in strength, produces the anisotropy that stabilizes 2D ferromagnetic order in CrI 3 . T C can then be increased by making J, K, or Γ more negative (Fig. 4, (a)-(c) ). Remarkably, our model naturally describes the magnetic behavior of the other two chromium trihalides CrX 3 (X = Cl, Br, I) as well. In Fig. 4(c) we compare the predicted T C vs. Γ curve for (J, K) = (J 0 , K 0 ) with the known values of T C and H a for bulk CrX 3 [11, 26] using the low-temperature relation H a −3S 2 Γ/(M s V Cr ) obtained from MFT, where V Cr is the volume occupied by a single Cr 3+ ion in CrI 3 . We find a correlation between H a (or Γ) and T C that is well described by our predicted curve, which leads us to conclude that the values of J and K for CrCl 3 and CrBr 3 are similar to those for CrI 3 .
The calculated magnon band structure, shown in Fig. 4(d) , has a ∼5 meV gap at the Dirac point (K) in momentum space resulting mainly from the Kitaev interaction. This gap has been of interest because it is a key element for realizing the recently predicted bosonic topologically protected chiral edge states [5, 27, 28] . Recent inelastic neutron scattering results [9] measured at 5 K report a similar gap (∼4 meV) atK (in contrast to our finding, this study attributed the Dirac gap to the Dzyaloshinskii-Moriya interaction between next-nearest Cr 3+ ions). Furthermore, we predict a ∼0.3 meV gap at the zero-momentum point resulting from the Γ interaction. This gap suppresses the low-energy magnon excitations, thereby stabilizing 2D ferromagnetic order.
Given that monolayer CrI 3 has a T C of 45 K, we can now speculate on the changes in the values of J, K, and Γ that might occur upon exfoliation. In Figs. 4, (a) and (b) we can see the values of (J, K, Γ) near (J 0 , K 0 , Γ 0 ) that would produce this change in T C . Roughly speaking, this change in T C could be due to a reduction in the strength of a single interaction by a factor of 2-3, or of several interactions by a smaller amount, perhaps as a result of crystal distortions. To demonstrate these predictions, further studies, such as FMR of a CrI 3 monolayer, are needed.
In conclusion, we present measurements and a symmetry-based theoretical analysis of the magnetic anisotropy of single crystal CrI 3 obtained from angledependent FMR. Furthermore, we propose a model Hamiltonian that describes the magnetic behavior of CrI 3 and the other chromium trihalides, and investigate the role of the various spin interactions in determining T C . A similar application of angle-dependent FMR to other materials, such as vdW and Kitaev materials, should provide important experimental clues in understanding and realizing novel 2D spin systems and topological states. 
